. Left panel: FUSE spectra of the [WCE] CSPNe NGC 6905, NGC 5189, Pb 6 and NGC 2867. The numerous narrow absorptions are due to interstellar H 2 , which affects the blue edge of the Ne vii P-Cygni profile. Right panel: sample synthetic spectra from our model grid, calculated for different values of stellar temperature and two different mass-loss rates (in units of M yr −1 ). All models shown adopt v∞ = 2500 km s −1 and models of the same temperature adopt the same stellar radius. The observed and synthetic spectra shown were convolved with a Gaussian of 0.2Å FWHM for clarity. Feibelman (1996b) identified the structure around 1320Å as being a nebular [Mg V] line in the spectra of Sand 3. We, however, find evidence of its stellar origin, as we discuss on Section 2. Right panel: sample synthetic spectra from our model grid (same models as in Fig. 1 ), between 1200 and 1750Å, calculated for different values of stellar temperature and two different mass-loss rates (in units of M yr −1 ). The synthetic spectra shown were convolved with a HST/STIS G140L instrumental LSF.
emission lines, UV P-Cygni profiles, and a paucity of lines in the optical region, in which none of the few strong lines they present have P-Cygni profiles. Essential diagnostic lines lay shortwards of Ly α, in the far-UV range, which was provided by FUSE (Far Ultraviolet Spectroscopic Explorer -905−1187Å - Moos et al. (2000) ). In this region, these stars show two conspicuous P-Cygni profiles: Ne vii λ 973.3Å and O vi λλ 1031.9, 1037.6Å, as shown in Fig. 1 . Complementary line diagnostics are found in the spectral region between 1150 and 3200Å, covered by IUE (International Ultraviolet Explorer) and HST (Hubble Space Telescope) spectrographs (Fig. 2) . A detailed description of the UV spectra of [WCE] CSPNe was provided by Keller et al. (2011) .
In this paper, we present a comparative analysis of UV and far-UV spectra of the hot
[WCE]-type CSPNe NGC 2867, NGC 5189, NGC 6905, Pb 6, and Sand 3 (WO1 stars in the unified classification scheme of Crowther et al. (1998) ), prompted by the lack of a comprehensive, systematic analysis of [WCE] CSPNe making use of the available high resolution spectra and of today's modern stellar atmosphere codes. Our analysis includes many ionic species neglected in previous works, thus allowing us to model, for the first time in [WCE] stars, the Ne far-UV spectral lines, besides improving the overall match between model and observations. The analysis was based on our extensive grid of synthetic spectra (Keller et al. 2011 ) and numerous subsequent model calculations for each individual object.
A detailed analysis of the central star of NGC 6905 was presented in Keller et al. (2011) mag (see Althaus et al. 2010 , and references therein).
The paper is organized as follows: in Section 2, we describe the sample objects and the data used in the analysis. Section 3 describes the synthetic spectra. In Section 4, we describe the spectral analysis of the sample objects. Finally, we present our conclusions in Section 5.
SAMPLE OBJECTS AND DATA
The objects studied here, the central stars of NGC 2867, NGC 5189, NGC 6905, Pb 6, and Sand 3, belong to the small group of [WCE] stars for which good quality UV spectra exist: quality far-UV FUSE spectra exist for four of these stars (NGC 2867, NGC 5189, NGC 6905, and Pb 6) . However, only for NGC 6905 and Pb 6 there are complementary HST/STIS UV spectra. In the case of NGC 5189 and NGC 2867, we used complementary IUE low resolution spectra. Sand 3, on the other hand, has excellent HST/STIS G140L and G230MB spectra, but no FUSE, which limits the available line diagnostics, but its analysis is nonetheless interesting, particularly for its spectral similarity to the other stars, especially to the central star of NGC 6905. The available STIS spectra of Sand 3 were complemented by low resolution IUE spectra between 1725 and 3300Å.
Our sample objects are listed in Table 1 , along with radial velocities (v rad ), distances, and nebular parameters (expansion velocity -v exp , angular diameter, and shape). Throughout Maciel (1984) .
this paper, the observed spectra presented in the figures have been shifted to the rest frame of the star, using the listed radial velocities. The utilized spectra are listed in Table 2 . IUE, HST/STIS, and FUSE spectra used in the analysis were retrieved from MAST (Mikulski Archive for Space Telescopes -http://archive.stsci.edu/). NGC 2867, NGC 5189, and
Pb 6 FUSE and Pb 6 and Sand 3 STIS spectra have not been used in stellar atmosphere modelling before this work. NGC 6905's STIS spectra, as well as the region of its FUSE spectra shortwards of 1000Å, in which the strong P-Cygni profile of the λ 973.3Å Ne vii line can be found, were first modelled by us and presented in Keller et al. (2011) . The objects were thus selected among the known sample of hot [WCE] CSPNe for the availability of good UV spectra, most of them not previously analysed.
Description of the utilized data

FUSE data
The FUSE instrument included four channels (LiF1, LiF2, SiC1, SiC2), each divided into two segments (A and B), collecting light simultaneously. Each channel-segment combination spans a fraction of FUSE's nominal wavelength coverage, with some overlap among them. All FUSE spectra used in this work were obtained through the 30 × 30 aperture, in time-tag mode. We used the CalFUSE v3.2.2 pipeline for data reduction, along with the FUSE IDL tools 'CF edit' and 'FUSE register'. We screened the observations for bad time intervals, and checked for possible drifting of the target out of the aperture. The spectra of the different segments were then extracted with the 'cf extract spectra' routine. Faulty regions of the spectra, such as those close to the detectors' edges and the region of the LiF 1B detector affected by the artefact known as 'worm' (due to a shadow thrown on the detector by the instrument itself) were removed and the spectra of the different segments, co-added weighted by their errors.
In the case of CSPN Pb 6, continuum flux levels differ between FUSE and HST/STIS spectra, with the former being 40 per cent higher. Such divergences in flux levels are often related to the positioning of the target into the instrument's aperture or difficulties in extracting the background in low signal-to-noise data. A comparison between HST G140L and IUE low resolution (SWP29857) spectra of Pb 6 shows agreement in continuum levels within 10 per cent. Flux levels also agree between G140L and G230L spectra of Pb 6. According to Bohlin and Hartig (1998) , the STIS 52 × 0.2 aperture is calibrated to a few percent accuracy, with the repeatability for point sources being at worse 10 per cent, with a RMS of 4.5 per cent. We thus have scaled the flux level of the FUSE spectrum of Pb 6 down by dividing it by 1.4 to match that of the STIS spectrum.
The FUSE spectra of the central stars studied here present some strong and narrow emissions that do not seem to originate in the atmospheres of these stars, for they are much narrower than their typically broad wind lines. Some of these emissions are due to the planetary nebulae and some are due to airglow or scattered sun light, as verified by comparing the spectra obtained during the orbital night with the composite of all data.
Except for NGC 2867, for which the signal to noise ratio of the available FUSE spectra allowed us to use night only events, thus minimizing airglow contamination, both orbital night and day time-tag events were used in the stellar spectra of the sample objects.
The central stars of NGC 2867 and NGC 5189 have 3 FUSE observations each. We have used those with the highest signal-to-noise ratio. While the plot previews available at the MAST website show some variation of flux levels and line profiles between different data sets, the careful treatment of the data, as described above, aiming at mitigating the effects of channel drift, airglow, faulty centroid positioning, worms and dead zones, strongly diminishes the disagreements between the spectra obtained in different observations, which are now on the same level as those seen comparing spectra from the same observation, but from different channels, suggesting that instrumental effects plus others such as airglow (which can be minimized by the use of night only time-tag events, but is never completely absent) may be responsible for the remaining small variations in line profiles and flux levels.
IUE data
Despite the fact that MAST lists all IUE spectra for NGC 5189 under the category 70, which is described there as observation of nebula plus central star, our analysis of the spectra indicate that many of the exposures actually missed the central star, as in the case of SWP25363 -the only high resolution IUE spectrum available for NGC 5189. In the 2D high resolution SWP25363 spectral image, spatially extended nebular emission lines and only a very faint continuum are visible. The continuum is not centred, but at the edge of the illuminated region, which is evidence that flux was partially missed. The pipeline seems to have misplaced the extraction slit and part of the resulting net flux is below zero.
Nonetheless, the spectral resolution of 0.2Å allows us to estimate the width of the He ii λ 1640.4Å line as ≈0.6Å, consistent with a nebular origin. We thus cannot establish from the echelle spectrum whether there is also stellar He ii λ 1640.4Å emission. Fig. 3 shows IUE SWP25364 and SWP25365 low-resolution spectra, which were taken at the same pointing part of the He ii λ 1640.4Å emission seen in SWP25364 is of nebular origin. Therefore, we will regard NGC 5189's He ii λ 1640.4Å emission as an upper limit to the stellar line and leverage on other spectral lines to constrain the stellar parameters. Since there are no high-resolution spectra of NGC 5189's central star in the region between 1200 and 3200Å, we rely on the low resolution data. For the present analysis of NGC 5189, we use SWP08219 and LWR07171, for being better centred and less noisy than the SWP25364 and LWP05456 spectra, respectively.
The available IUE low resolution spectra of NGC 2867 seem to be dominated by nebular emissions, such that P-Cygni profiles cannot be distinguished. The inspection of the spectral images of SWP05215 and LWR04510 shows well defined, well centred and narrow continua.
Since only the strongest emission lines in the SWP05215 spectrum appear saturated and because its continuum has a higher signal than that of the noisy SWP05234 spectrum, we chose to show the former instead of the latter in this work, for it allows a more precise determination of the slope of the continuum, which will be used in the normalization of the observed spectra and to ascertain the colour excess. We will not use it for line strength analysis, except as an upper limit for stellar emission in some weaker lines. The existing high resolution IUE spectra of this star exhibit again very faint continua (in the two-dimensional spectra) and negative flux values (in the extracted spectra), indicating again extraction problems. No obvious stellar lines are apparent. Narrow and strong C iv λλ 1548.2, 1550.8
A, He ii λ 1640.4Å and C iii] λ 1909Å nebular emission lines are, however, readily discernible in the high resolution spectra.
HST data
HST/STIS gratings are designed for spatially resolved spectroscopy using a long slit, exploiting HST's high spatial resolution capabilities. The HST/STIS spectra of CSPNe NGC 6905, Pb 6, and Sand 3 thus minimize nebular contamination of the stellar extracted spectra -in comparison with IUE spectra, for example. The inspection of the 2D G140L and G230L spectra of NGC 6905 and Pb 6 reveals extended nebular emission around ≈1909 (very faint in NGC 6905), 1550 and 1640Å, as seen on the logarithmic scale plots in the supplementary figures, online. Other faint extended emissions are seen in the 2D G140L spectrum of Pb 6 around ≈1240, 1400 and 1485Å. The 2D Sand 3 G140L spectrum does not exhibit evidence of nebular emissions, in line with the idea of its nebula having already dissipated (Barlow and Hummer 1982) .
In neither 2D STIS spectra there is evidence of extended nebular emission close to the structure associated by Feibelman (1996b) as the sources of the wide emission feature seen in lower resolution spectra of this region.
The origin of this spectral feature, however, seems to be at least partially stellar, since the strong feature appears not only in the low resolution IUE spectra of Sand 3 -despite its dispersed nebula not producing a detectable C iii] λ 1909Å emission -but also in the 1D STIS spectra of NGC 6905 and Pb 6, whose 2D G230L spectra do not show evidence of extended nebular emission in this region.
The agreement between the medium resolution (≈0.33Å) HST/STIS G230MB observed spectrum of Sand 3's O v λλ 2781.0, 2787.0Å line and the low resolution IUE spectrum of the same star indicates that this strong and wide line is from stellar origin. This was also verified from the inspection of the 2D G230MB spectrum of Sand 3 and of the 2D G230L spectra of NGC 6905 and Pb 6, which do not show extended emissions in this region.
Stellar models
The spectra of these very hot, H-poor CSPNe are dominated by broad, strong emission lines, which are signatures of their dense, high velocity stellar winds. Spectra of hot objects with detectable winds require modelling with non-LTE stellar atmosphere codes that account for expanding atmospheres. In this work, we used models computed with CMFGEN (Hillier and Miller 1998; Herald et al. 2005) , which is a non-LTE, non-hydrodynamic code that considers a stationary mass loss in a spherically symmetric geometry, line blanketing (through the super-level approximation) and wind clumping (through the filling factor approach). The detailed workings of the code are described in the references above. The fundamental stellar parameters include stellar temperature (T * ) and radius (R * ), defined at an optical depth of τ =20, mass-loss rate (Ṁ ), terminal velocity of the wind (v ∞ ), velocity law, and elemental abundances. We assume a standard velocity law, v(r) = v ∞ (1 − r 0 /r) β , where r 0 ≈ R * and β = 1, and an exponential law for the clumping filling factor (which is the fraction of the wind volume occupied by clumps), given by CSPNe, the grid models have temperatures of ≈ 100,000, 125,000, 150,000, 165,000, and 200,000 K. The detailed emerging flux was calculated adopting a varying microturbulence velocity described by ξ(r) = ξ min + (ξ max − ξ min )v(r)/v ∞ , with ξ min = 10 km s −1 near the photosphere and ξ max = 50 km s −1 . The grid models were computed including many ionic species not considered in previous analyses and are described in Keller et al. (2011) , Keller et al. (2012a,b) . 1 Additional ad-hoc models were computed for each object with varying elemental abundances and microturbulence velocities, and including additional less abundant ions. The ions included in the final best-fitting models, together with the number of levels and superlevels adopted in the calculations, are given in Table 3 .
Effects of the interstellar medium
In order to separate stellar features from interstellar absorptions due to neutral and molecular hydrogen along the line of sight, which greatly affect the far-UV spectra of these objects, we modelled them as described in Bianchi (2002, 2004a,b) , assuming a temperature of the interstellar gas of 100 K, which is a typical value for the ISM, and determined the column densities. The derived interstellar parameters are given in Table 4 , where N (H i) and N (H 2 ) are the neutral and molecular hydrogen column densities, respectively. Fig. 4 shows the interstellar Ly α absorption seen in the observed spectra of Sand 3 and illustrates the fact that accounting for atomic hydrogen ISM absorption can affect the modelling of the N v λλ 1238.8, 1242.8Å line. We did not attempt to model the ISM Ly α absorption in low resolution IUE spectra of CSPNe NGC 2867 and NGC 5189.
SPECTRAL ANALYSES
As the first step in the spectral analysis of the stellar lines, we estimated the terminal velocity of the wind from the short-wavelength edge of the strong P-Cygni profile of C iv λ 1548.2 planetarynebulae.html, where the user will find tables listing the available models and individual pages for every model, with information about the stellar parameters adopted, the ions considered and the synthetic spectra, as well as figures comparing the different models and identifying the spectral lines predicted.
c 2014 RAS, MNRAS 000, 1-34 Figure 4 . The interstellar Ly α absorption seen in the observed spectra of Sand 3 (continuous black line) is compared to our model, to which we applied the effect of different values of neutral hydrogen column density. The model shown has T * = 150 kK, Rt =9.4 R and X N = 0.07 Table 4 . Interstellar parameters adopted in the modelling. A and also from the long wavelength component of the O vi λλ 1031.9, 1037.6Å doublet whenever both or any of these lines were available, assuming a turbulence of 10 per cent the terminal velocity of the wind.
The spectra of [WCE] CSPNe are particularly poor in spectral lines of different ionization stages of the same element, and for this reason, the absence or presence of structures due to ions of different ionization potentials and the overall appearance of the spectra are also used to constrain temperature. As was shown by Keller et al. (2011) , oxygen is one of the few elements producing strong lines of different ionization stages in the spectra of [WCE] CSPNe, with several O vi and two O v lines visible in the synthetic spectra throughout the temperature range of [WCE] CSPNe. As found by Keller et al. (2011) , one important aspect about these O v lines, which can influence the determination of the stellar temperature, is their considerable increase in strength, in the synthetic spectra, when less abundant ions are included into the calculation, especially Mg, Na, Co, and Ni. These ions are not included in the grid models, because of computational limitations, but we include them in our final best-fitting models, as we show below.
The most important line diagnostics we rely upon when constraining the surface tem- sensitivity to mass loss at model temperatures of 100,000 and 125,000 K, in the parameter regime covered by our model grid (Fig. 1) . At these temperatures, it also shows little sensitivity to neon abundance, as shown by Keller et al. (2011) . A similar behaviour with temperature is observed in the synthetic O vi λλ 1031.9, 1037.6Å doublet, whose strength also increases towards models with T * =165,000 K and which is not particularly sensitive to variations in mass loss at model temperatures of 100,000 and 125,000 K. Thus, the strong Ne vii λ 973.3Å and O vi λλ 1031.9, 1037.6Å P-Cygni profiles observed in all the objects with FUSE spectra shown here, immediately point towards models of T * =150,000 K or 165,000 K, with the latter allowing for even stronger line profiles, concomitantly with good fits to the remaining lines.
One of the most striking differences among the observed spectra of the studied stars, which are otherwise very similar, is the strength of the O v lines. The central star of NGC 6905 and Sand 3 show much stronger lines than is seen in the spectra of NGC 5189 and of Pb 6, or even than is present on the nebula-dominated IUE spectra of NGC 2867. This characteristic, along with the line appearance, can further constrain temperature: the appearance of the O v λ 1371.3Å line profile also excludes models with T * =100,000 and 125,000 K, since none of the observed line profiles show the deep P-Cygni absorption components that are seen in these models. Also, although the grid models with T * =150,000 K and 165,000 K show weak O v lines for mass-loss rates that allow reasonable fits of the overall observed spectra, their synthetic profiles do become much stronger through the addition of further ions into the calculations, with the T * =150,000 K models producing O v profiles considerably stronger than models with T * =165,000 K. We thus concluded that the central star of NGC 6905 and Sand 3 are cooler than the other three objects and best fit by models of T * =150,000 K, while the central stars of NGC 2867, NGC 5189, and Pb 6 best-fitting models have T * =165,000 K.
Hotter models, with T * =200,000 K, were also computed by us. However, they do not fit well the observed spectra: at the same time, the models show too weak O vi λλ 1031.9, 1037.6Å lines and too strong He ii λ 1640.4Å and C iv λλ 1107.6, 1107.9Å, λλ 1168. Another factor that influences the appearance of the spectral lines in these stars is how dense their wind is. Schmutz et al. (1989) have introduced the so called transformed
. Models of the same transformed radius that also have identical temperature, composition, and terminal velocity -that is, models where R * /Ṁ 2/3 is the same -are known to have similar ionization structure and temperature stratification and to lead to very similar wind line spectra . In this work, we will constrain the transformed radius rather than the mass-loss rate, because deriving mass-loss from R t depends on a measurement of the stellar radius, which depends on the distance and distances to Galactic CSPNe are commonly not well known.
On top of this, the absence of strong absorption lines not contaminated by wind emissions in the spectra of [WCE] stars prevents us from measuring log g.
The overall strength of all available wind lines was used by us to constrain the transformed radius. Among them, the He ii λ 1640.4Å -whenever not strongly affected by nebular emission -is especially useful due to its little sensitivity to temperature in the parameter regime covered by the model grid for [WCE] stars. The behaviour of the synthetic spectral lines apparent in the spectra of [WCE] stars with stellar parameters was extensively described in Keller et al. (2011) .
After having used the grid of synthetic spectra to constrain stellar temperature and transformed radius, we then extended the analysis by exploring various abundances for the main elements and different microturbulence velocities, as well as by including additional elements into the calculations. The temperature steps of our model grid, in the [WCE] regime, are small enough that subsequent models do not show strong variations of line diagnostics. That is the reason for the non-homogeneous temperature intervals in our model grid. In our ad-hoc analysis, temperature was therefore not varied further. At each likely temperature, a number of models was calculated with different elemental abundances, as to ensure that different abundance patterns would not affect the constraining of temperature.
For all objects studied here, we found that a microturbulence velocity higher than that adopted in the grid models (Table 5) improves the fits to the O vi λλ 1031.9, 1037.6Å P-Cygni profile, as shown in Fig. 5 , and also to the C iv λλ 1548.2, 1550.8Å line.
Results for individual objects
The observed spectra and final best-fitting models for the individual objects are shown in
Figs. 6, 7, and 8. The parameters of our best-fitting models are given in Table 5 . The uncertainties in stellar temperature are given in the sections on the individual objects. Whenever far-UV, UV, and near-UV spectra are available for an object, we estimate the uncertainty in T * to be roughly half the interval between the values adopted in our grid of synthetic spectra. When, as is the case of NGC 2867 and Sand 3, not all the necessary line diagnostics are available, the uncertainties in temperature are deemed larger. The uncertainties in the mass-loss rate are dominated by the uncertainties in the distance and in the clumping filling factor, which was assumed a fixed parameter throughout this work. We can typically constrain R t within ± 2.0 R . Assuming the stellar parameters of the best-fitting models of the various sample objects, we estimate the uncertainties of the carbon and helium mass fraction are about ±0.10, as illustrated in Fig. 9 , and the uncertainties of the oxygen and nitrogen mass fractions to be about ±0.06 (Fig. 17 from Keller et al. (2011) illustrates the impact of different oxygen abundances on the synthetic spectra) and ±0.01 (Fig. 10) , respectively. We have used the far-UV Ne vii and Ne vi features in the FUSE spectra to determine the neon mass fractions. However, as we discuss further below, Ne features appear in the synthetic spectra at longer wavelengths, which are not observed, perhaps due to uncertainties in the atomic data. The Ne vii λ 973.3Å line, however, has been used to infer enhanced neon abundances in PG 1159 stars by Herald et al. (2005) and Werner et al. (2004) . The atomic data used for the λ 973.3Å Ne vii line are described in Herald et al. (2005) .
The observed spectra shown in Figs. 7 and 8 were obtained with different instruments and thus, differ in spectral resolution. Sand 3, NGC 6905, and Pb 6 STIS spectra were obtained with different apertures and thus display different line spread functions (LSFs)
as well. The synthetic spectra were convolved with the corresponding LSFs when being compared to STIS observations and with Gaussians of appropriate FWHM when compared to IUE and FUSE data.
CSPN NGC 6905 and Sand 3
CSPN NGC 6905 and Sand 3 are the two stars for which we inferred lower temperatures:
13 kK for NGC 6905 and T * = 150± 8 25 kK for Sand 3, the difference in error bars being due to the lack of FUSE spectra available for Sand 3, which deprives the analysis of the far-UV O vi and Ne vii P-Cygni profiles, which are the line diagnostics that most clearly separate models of 125,000 and 150,000 K. We determined terminal velocities of the wind of v ∞ =2000±200 and 2200±200 km s 3 predicts a stronger line than our model for CSPN NGC 6905, which is due to the lower value of transformed radius adopted in the former model (R t = 9.4 ± 2.0 R for Sand 3 and R t = 10.7 ± 2.0 R for NGC 6905). Because no FUSE spectra are available for Sand 3, we simply kept the Ne abundance used in the grid models.
Carbon and helium mass fractions derived by us for CSPN NGC 6905 (X C = 0.45 ± 0.10, X He = 0.45 ± 0.10) and Sand 3 (X C = 0.55 ± 0.10, X He = 0.28 ± 0.10) are quite different, which illustrates the fact that the overall appearance of [WCE] spectra is mainly governed by temperature and mass loss, and He and C abundances play only a secondary role, with big changes in abundance producing minor changes in line strength.
Optical and low resolution IUE spectra of Sand 3 were previously analysed by Koesterke and Hamann (1997b) , using non-LTE, homogeneous, spherically symmetric expanding atmosphere models, which included helium, carbon, oxygen and nitrogen in the calculations.
They found v ∞ = 2200 km/s, T * = 140000 K, and R t = 3.0 R . As for the elemental mass fractions, they derived X He = 0.615, X C = 0.26, X O = 0.12 and X N = 0.005. Values of v ∞ , T * , and X O are in agreement with those derived in this work within the error bars. X He , X C , and X N are in strong disagreement. In a previous work, Barlow and Hummer (1982) derived He, C, and O mass fractions that are close to the values derived by us. A previous analysis of CSPNe NGC 6905 was discussed in Keller et al. (2011) .
CSPN NGC 2867
The O vi λλ 1031.9, 1037.6Å P-Cygni profile of CSPN NGC 2867 is clearly narrower than those observed in NGC 5189 and Pb 6 spectra and thus we derived v ∞ =2000±250 km leverage on FUSE spectra to discern between model temperatures. However, this spectral region does not show remarkable differences between models of 150,000 and 165,000 K, although it rules out models of T * 125,000 K which do not produce the strong Ne vii and O vi P-Cygni profiles observed. Models of 165,000 K do produce, however, somewhat stronger Ne vii and O vi lines, while concomitantly producing reasonable fits for the other available lines, than models of 150,000 K, in which these lines appear somewhat weaker than observed. We thus derived T * = 165± 18 20 kK for the central star of NGC 2867, R t = 8.5 ± 2.0 R , X C = 0.25 ± 0.10, X He = 0.60 ± 0.10 (even though we did not attempt a fit of the He ii 1640.4Å line due to the heavy nebular contamination in the observed spectra of this star, its helium mass fraction can be determined for it is the complement of the sum of all other elemental mass fractions considered in the calculations), and X O = 0.10 ± 0.06. Since no nitrogen line is available in the FUSE range, we merely kept the nitrogen mass fraction adopted in our grid models. by us is considerably higher and the terminal velocity is much lower. Especially discrepant is the nitrogen mass fraction, whose value derived by us is 10 times that of the previous analysis.
CSPN NGC 5189
As in the case of CSPN Pb 6, we found a terminal velocity of the wind of v ∞ =2500±250 km s −1 for the central star of NGC 5189. The presence of very strong far-UV Ne vii and O vi P-Cygni profiles in its FUSE spectrum, accompanied by weak O v lines, led us to derive a stellar temperature of T * = 165± 18 8 kK, similarly to Pb 6 and NGC 2867. We derived, for the central star of NGC 5189, R t = 9.9 ± 2.0 R (same as for Pb 6), X C = 0.25 ± 0.10 (same as for NGC 2867), X He = 0.58 ± 0.10, X O = 0.12 ± 0.06 (same as for Pb 6), X N = 0.01 ± 0.01.
Although we regard the He ii λ 1640.4Å line as a mere upper limit to the stellar contri- Table 5 . Parameters of our best-fitting models for the sample objects and distance dependent parameters. X He , X C , X N , X O , and X N e are the helium, carbon, nitrogen, oxygen, and neon mass fractions, respectively. For the discussion on the derived parameters and errors, see text. Results by other authors are also shown. bution, due to the evidence of nebular contamination presented above, and despite the fact that we derived the parameters of our best-fitting model without attempting to precisely match the observed intensity of this line, it is, however, reproduced in the final model. In order to maintain the overall fit to the other wind lines and at the same time decrease the strength of the He ii 1640.4Å line, the helium mass fraction would have to be severely lowered, at the same time that the value of mass-loss rate would have to be decreased as to allow the correspondent increase in carbon and oxygen mass fraction that need to occur to assimilate the decrease in the helium mass fraction. Mass fractions of neon and nitrogen would also have to be revised up to compensate for the lower mass-loss rate. We computed models to explore this alternative. They result in considerably worse fits to the O vi λλ 1031.9, 1037.6Å doublet, which is now very weak in comparison to the observations. This incongruence illustrates the need for higher resolution UV spectra of CSPNe.
The stellar parameters derived by Koesterke and Hamann (1997a) for NGC 5189 are v ∞ = 3000 km/s, T * = 135000 K, R t = 5.0 R , and X He = 0.757, X C = 0.16, X O = 0.08, and X N = 0.003, in mass fractions. Only carbon and oxygen mass fractions derived by them agree within the errors with those found by us. As in the case of Pb 6, a much higher stellar temperature and considerably lower terminal velocity of the wind and helium mass fraction were derived by us, besides a 10 times higher nitrogen mass fraction.
In the studied objects, the spectral region between 1700 and 3200Å is problematic. The available spectra have worse resolution in this region, which is full of structures that make the determination of the stellar continuum uncertain. In the region between 1700 and 2400Å, observed features both in absorption and in emission are not reproduced by our best-fitting models or grid models of any temperature and mass-loss rate. The region between 2150 and 2300Å is particularly challenging. There is, in this region, a strong feature observed in the central stars of NGC 6905, NGC 5189, Pb 6, and Sand 3, showing an emission component on the red side and an absorption one on the blue side. This feature reminds us of a P-Cygni profile in the observed spectra of Pb 6 and of NGC 6905 central stars, but in the noisier and low resolution spectra available for NGC 5189 and Sand 3, the blue side resembles a simple absorption. Our models are able to reproduce the red side of these features, in the case of NGC 6905 and of NGC 5189, but not the blue absorptions that are located very close to the broad feature of the interstellar extinction curve at 2175Å, which is related to graphite grains (Draine and Malhotra 1993) . Another difficulty in modelling these stars consists of weak Ne v and Ne vi lines that are predicted throughout the near-UV by the models, but are not observed. While we checked CMFGEN's neon atomic data files for consistency with the Atomic Line List (http://www.pa.uky.edu/~peter/atomic/) and found no discrepancy, there may be uncertainties in the atomic data. The neon atomic data are primarily taken from the Opacity Project (Seaton 1987; Seaton et al. 1994 ) and the Atomic Spectra Database at the NIST Physical Measurement Laboratory.
Argon and Iron
In Keller et al. (2011) , we found that a model with 10 times the argon solar abundance produces an Ar vii λ 1063.55Å line which approximately reproduces the observed line profile in that spectral region of CSPN NGC 6905. In Fig. 6 , the best-fitting models for NGC 5189 and NGC 2867 also have the same argon overabundance. However, the shapes of the observed and synthetic profiles disagree, challenging the identification of this line.
In all best-fitting models, we assumed a strong iron underabundance of one hundredth of the solar value, since higher values would entail the appearance of a number of non-observed Fe x lines in the synthetic spectra (Keller et al. 2011) . These lines are not, however, observed in PG1159 stars for which solar iron abundances were found by Werner et al. (2010 Werner et al. ( , 2011 and there may be strong uncertainties in their computed wavelengths.
Reddening
Having constrained the main stellar parameters through the analysis of the strength of spectral lines, we now compare the slope of the observed spectral continuum of each sample object to that of our best-fitting models reddened by different values of colour excess as shown in Fig. 11 . We adopted Cardelli et al. (1989) extinction curves with R V = 3.1.
The results are listed in Table 4 . In the case of NGC 2867, which is shown separately in Fig. 12 , we had to take into consideration the contribution from the nebular continuum, which heavily affects wavelengths longer than Ly α. We estimated the nebular continuum emission using the code described in Bianchi et al. (1997) , which accounts for two-photon, H and He recombination, and free-free emission processes. Nebular parameters were taken from the literature (Milingo et al. 2002a,b) and they include the electron density, electron temperature, observed Hβ flux, helium-to-hydrogen ratio, ratio of doubly to singly ionized helium and the extinction quantity (c). We found E(B − V ) = 0.18, which corresponds to the value of c found in the literature, to allow for an overall good match between observed continuum of NGC 2867 and the sum of model stellar and nebular emissions. Among the five objects analysed in this work, Sand 3 is the only one whose derived Figure 6 . FUSE spectra (black line) of CSPNe Pb 6, NGC 5189, NGC 2867, and NGC 6905 shown together with our bestfitting models, with (pink) and without (blue) the effects of interstellar absorption due to molecular and atomic hydrogen. The observed and synthetic spectra were degraded to a 0.5Å resolution for clarity. No FUSE is spectrum is available for Sand 3. We, however, still show the synthetic spectra prediction for this wavelength interval with a 0.5Å resolution for comparison with results for the other sample objects. HST/STIS spectra of this star comprehend the C iv λλ 1168.8, 1169.0Å line, which is shown here in black. In pink and green we show our best-fitting model for Sand 3, with and without Ly α absorption, convolved with the appropriate HST/STIS LSF. The identifications of stellar lines shown in this and following figures correspond to the strongest lines predicted by the models at each spectral region. c 2014 RAS, MNRAS 000, 1-34 Figure 7 . Observed spectra of the sample objects (black) in the region between 1200 and 1750Å shown with our best-fitting models, with (pink) and without (blue) ISM absorption, degraded to match the resolution of the observations (see table 2). For CSPN NGC 5189 we also show the subtracted spectrum from Fig. 3 , in yellow. The grey labels on the top part of the figure identify the position of commonly present nebular lines. abundances seem to place it outside the range of values found in the literature for [WC] stars, since it shows, according to Table 5 , a quite low helium abundance of 0.28 in mass fraction (not significantly lower, however, than the lowest value of helium mass fraction found for PG1159 objects, which is 0.30). The derived He, C, and O abundances, in mass fractions, of our sample objects are in the intervals: X He = 0.28 − 0.60, X C = 0.25 − 0.55, and X O = 0.08 − 0.12 (see Fig. 14 stars (Koesterke and Hamann 1997a,b) and C : He typically higher than 1 for [WCL] stars (Leuenhagen et al. 1996) . The wide range of values found by us in this work seems to argue against this notion: we found C : He =0.42, 0.43, 1.0, 0.71, 1.96 for the central stars of Althaus (2006) . The open circles correspond to the sample objects. Sand 3 was omitted from it, because, to the best of our knowledge, there is no measurement of its distance in the literature. We have not included hydrogen in our grid models or in the best-fitting models presented in this work. However, we calculated exploratory models which indicate an upper limit to the hydrogen mass fraction of 20 per cent for our sample objects.
Discussion
Neon abundances of about 2 per cent have been reported for a number of PG1159 stars (Werner et al. 2004) , which is in agreement with stellar evolution models that predict a neon mass fraction of about 2 per cent in the intershell region. In this work, modelling of the far-UV Ne vii and Ne vi features led us to infer neon mass fractions between 1 and 4 per cent.
CONCLUSIONS
We have analysed UV spectra from 5 of the hottest known [WCE]-type CSPNe, which are the central stars of NGC 2867, NGC 5189, NGC 6905, Pb 6, and Sand 3. The analysis was performed using our extensive grid of synthetic spectra, calculated with CMFGEN, which allowed us to constrain temperatures, transformed radii, and terminal velocities of the wind, in a uniform and systematic way. The analysis was then refined by exploring other parameters, such as elemental abundances and microturbulence velocities, besides adding further elements and ionic species into the calculations.
We applied the effects of interstellar absorption due to neutral and molecular hydrogen to our best-fitting models and determined their column densities and after the stellar parameters were constrained based on line diagnostics, we compared the observed slope of the stellar continua to our best-fitting models reddened using different values of colour excess.
We derived T * = 150000 K for CSPNe NGC 6905 and Sand 3 and T * = 165000 K for the central stars of NGC 2867, NGC 5189, and Pb 6. This result corresponds to an upward revision of the temperatures derived for the latter three objects, in comparison with previous analyses (for Sand 3 and the central star of NGC 6905, the derived temperatures agree with previous results within the errors), a fact that has two reasons: the first one is the inclusion of several less abundant ions into the calculations, as described above, that caused the O v lines to increase in intensity without altering other line diagnostics, allowing us to fit the observed spectra with hotter models. The O v lines are important temperature diagnostics and allowed us to separate between models of 150 and 165 kK; The second reason is the modelling of the O vi λλ 1031.9, 1037.6Å and Ne vii λ 973Å lines in the FUSE range, which had not been modelled in previous analyses of these three stars and which are stronger in our grid models of 165 kK. The terminal wind velocities of the sample objects were found to range from 2000 to 2500 km s −1 . Despite the fact that the five stars studied here present somewhat similar spectra, and that we derived similar temperatures for them, we derived quite different helium, carbon and nitrogen abundances. The values of carbon to helium mass ratio found by us for the sample objects span a wide range of values: 0.42 < C : He < 1.96.
The case of Sand 3 seems an intriguing one. Not only we find a very low helium abundance for this star, but we also derive a high nitrogen content, when comparing these with values found in the literature for [WC] and PG1159 stars. Nitrogen abundances derived by us for the central stars of NGC 5189, Pb 6 and Sand 3 were found to be higher than previous analyses by factors of 3, 10 and 14, respectively.
By considering many elements and ionic species neglected in previous analyses, we improved the fits to the observed spectra: we were able to reproduce the observed strengths of Each spectrum is shown in linear grey scale (top) and logarithmic scale (bottom). The spatial direction comprehends 14.4 arcseconds. The vertical bands around 1216Å are due to geocoronal Ly-α emission. The objects were observed using different slit widths, as described in Table 2 . 
